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The simian adenovirus known as SV15 was originally isolated from monkey kidney tissue cultures by Hull, Minner, and Smith (1956) . The cytopathic effects (CPE) and the characteristic nuclear inclusions typical of the adenovirus group (Pereira et al., 1963) are readily demonstrated for this virus.
When tissue-culture fluids harvested from green monkey kidney monolayers infected with SV15 are examined in an electron microscope, typical mature adenovirus particles are found. These particles are 65 to 70 m,u in diameter, display icosahedral symmetry, and have a capsid count of 252 capsomeres. Also present in these harvests are small polyhedral paiticles. These small particles are identical in appearance to those repeatedly observed in stocks of a number of human adenovirus strains (Melnick et al., 1965) , and, on cursory examination, are not unlike picornaviruses (Melnick et al., 1963) .
Their small size (20-mA diameter) and compact nature prompted us to design density gradients with a wider range than those generally used for studying animal viruses. This paper reports methods of preparing large quantities of these small particles and separating them from the mature SV15 virions. The architecture and composition of the small particles are then described.
MATERIALS AND METHODS
Virus. The virus seed, T7MK 3518, was sent to us by W. McD. Hammon, and was passaged in this laboratory three times in rhesus monkey kidney tissue culture and once in green monkey kidney tissue culture before being used for the present studies. Kidney cultures from a single monkey were used for each passage. The stock virus was further passaged undiluted into 16-oz (453.6 g) bottles [1 ml of inoculum containing 107 5plaque-forming units (PFU) per bottle] of African green monkey kidney tissue cultures in Melnick's medium (M-E; Melnick, Wenner, and Rosen, 1964) . The virus was harvested by freezing at -20 C at a time when the monolayer demonstrated an advanced adenovirus CPE.
Preparation of the SV15 "small particle." Stock virus suspensions were thawed, and the tissue culture debris was removed by low-speed centrifugation. Equal volumes of this virus suspension and a fluorocarbon (Genetron 113, trifluorotrichloroethane) were mixed at high speed in a Sorvall Omni-mixer. The resulting emulsion was then centrifuged, and the clarified virus suspension was recovered; the upper phase contained large quantities of small particles.
Purification of the SV15 "small particle" by density gradient centrifugation. A 1-ml quantity of a preparation rich in small particles was layered over a 4-ml column of CsCl (optical grade; Stanley Cohen, New York, N.Y.) with a density range of Ifft, Voet, and Vinograd (1961) . All bands thus harvested were monitored in the electron microscope, by use of the negative-staining technique. Several bands prepared by density gradient centrifugation were harvested by puncture through the side of the tube with a small needle. Samples of this material were then filtered through the 50-m,i filters as described below. Other samples provided the droplet preparation for cytochemistry.
Purification of the "small particle" by ultrafiltration. Adenovirus SV15 was removed from the preparation rich in small particles by filtration of the samples through a 50-m,i Millipore filter.
Prior to filtration of the virus samples, 8 to 10 ml of M-E medium were passed through each filter.
After filtration, the absence of mature adenovirus particles was confirmed by monitoring the preparations with the negative-stain technique (Brenner and Horne, 1959) in the electron microscope.
Deoxyribonucleic acid (DNA) inhibitor study. A preparation of SV15 containing large numbers of small particles (small particle to mature adenovirus particle ratio = 1,000:1) was inoculated (0. Cytochemistry. Droplet preparations of the purified SV15 small particle obtained from density gradients were staiined by use of the acridine orange technique, and were examinied in a fluorescence microscope (Mayor, 1961) . Results were interpreted with the aid of enzyme-digestion tests.
Details of the staininig procedures and relevant enzyme-digestion tests used ill this laboratory have been published previously (Mayor and Diwan, 1961) .
Electron microscopy. Preparations of the SV15 small particles were mixed in a 1:1 ratio with 0.01% deoxyribonuclease in Veronal buffer, 0.05% ribonuclease in distilled water, or 0.02% pepsin in 0.2% hydrochloric acid. After incubation at 37 C for 30 min, the mixtures were prepared for examination in the electron microscope by standard methods.
Electron microscopy. Specimens were prepared for electron microscopy by utilizing the negativestaining technique. Fluid samples were placed on a small block of 4% Noble agar and dried at 37 C for 10 to 15 min after the method of Smith and Melnick (1962) . Immediately afterwards, the blocks were flooded with 0.25% parlodion in nbutyl acetate. The excess parlodion was drained, and the blocks were again dried. The resulting membranes were floated on a solution of 2% phosphotungstic acid (pH 7.2), picked up on copper grids, and examined in an RCA (model F) electron microscope at an instrumental magnification of 33,000 X.
Preparation of anti-SV15 baboon serum. A baboon (Papio doguera) was inoculated intravenously with 3 ml of SV15 (1076 PFU/ml). At the same time, the animal was injected intramuscularly with 3 ml of the virus stock. At biweekly intervals, the animal was reinoculated with 3 ml intramuscularly, for a period of 7 weeks. Antibody globulin was prepared from this serum by precipitation with half-saturated ammonium sulfate, and was labeled with fluorescein isothioeyanate (Mayor, 1961) .
RESULTS
Freshly harvested preparations of SV15 contained low levels of small polyhedral particles, usually in the ratio of approximately 100 SV15 virions to 1 small particle (Fig. la) . Harvests which had been stored in a freezer (-20 C) prior to examination often contained as many as 1 small particle to 10 mature SV15 virions. After Genetron treatment of partially purified infected fluids, many virus particles appeared to be disrupted, and large numbers of free capsomeres and small particles were routinely found ( Fig. lb) . Some intact SV15 virions were also found, but the ratio of small particles to intact virions had increased to more than 10 to 1. Equilibrium density gradient centrifugation. Density gradient centrifugation in CsCl of the Genetron-treated fluids produced at equilbrium three distinct bands (Fig. 2) . A tracing obtained from this material in the ultraviolet analyzer is shown in Fig. 3 The densest band occurred at a density of 1.43, and consisted almost entirely of the small particles (Fig. 4a) . These particles are 18 to 20 m,.t in diameter, and appear to have a dense center and an outer coat on which subunits are often visible. SV15 virions were rarely found in this band, the ratio of small particles to virions being in excess of 1,000 to 1. Equilibrium was not achieved before 24 hr. WVhereas 4 to 6 hr of centrifugation was sufficient to achieve near equilibrium with SV15 virions alone, the dense band (1.43) was never sharply demarcated within this time, and electron microscopy revealed considerable mixing of particle types in both the 1.34 and 1.43 bands.
Ultrafiltration. After filtration of the Genetrontreated material through a 50-m,u pore membrane, only the small polyhedral particles (18 to 20 m,u in diameter) were observed. Upon storage (24 to 48 hr) at -20 C, these particles often appeared to lose their dense centers and were readily penetrated by phosphotungstic acid (Fig. 4c ).
After prolonged storage (longer than 48 hr), it became increasingly difficult to demonstrate these particles at all in the electron microscope; it would appear that they are unusually labile.
Nucleic acid content of the small particle.
In an attempt to demonstrate that SV15 tissue-culture fluids containing large numbers of small particles did not contain an adventitious RNA picornavirus, we investigated the effect of IUDR, a potent inhibitor of DNA-containing viruses (Herrmann, 1961) More direct evidence that the small particles contained DNA was adduced from enzymedigestion tests. Fluorochrome examination of droplets prepared from purified small particles (Fig. 4a) revealed a brilliant yellow-green stain with acridine orange. The ability to develop the stain was inhibited by prior digestion with deoxyribonuclease, but was untouched by ribonuclease. Thus, the particles apparently contain double-stranded DNA.
Companion droplet preparations reacted with a fluorescein-labeled antiserum prepared against SV15 virus tissue culture fluids. This reaction was blocked by pretreatment with the unlabeled specific globulin. This suggests that the particle is antigenic and that these antigens are present in tissue-culture fluids infected with SV15 virus. Additional evidence that the small particles contain DNA was obtained by examination of enzyme-treated material in the electron microscope. After treatment with deoxyribonuclease for 30 min, particles were not demonstrable, whereas they were apparently untouched by ribonuclease digestion for the same time period. The particles were degraded after incubation with pepsin for 30 min at 37 C. Symmetry of the small particle coat. The observations that morphologically intact yet empty small particles can be prepared (Fig. 4c) , and that small particles can be completely disrupted by treatment with proteases, are indicative that these particles contain protein and that this protein forms a type of coat. Subunit structure can be seen on the particle surface in the electron microscope. The outline of the small particle after negative staining is definitely hexagonal. The disposition of the subunits is more readily resolved by preparing photographic reversals of specially selected particles (Fig. 5a) .
In favorably oriented particles (Mayor and Melnick, 1962) , subunit patterns were found in which a central subunit was surrounded by five other subunits (Fig. 5a, b) . A pattern of a single subunit surrounded by six other subunits was never observed. When it was possible to resolve There is excellent agreement between the particle and the table-tennis model (Fig. 5e , also viewed along a fivefold axis). X 450,000.
FIG. 5f. Another particle viewed along a threefold axis of symmetry. X 450,000.
FIG. 5g.
Particle viewed approximately along a fivefold axis of symmetry. X 450,000. A single capsomere is clearly seen at the center of the particle, in agreement with the model (Fig. 5h , viewed along a fivefold axis). In both particle and model, capsomeres from both front and back are seen.
FIG. 5i. Typical SV15 virion printed with normal contrast. X 200,000. White arrows mark two contiguous axes of fivefold symmetry. Their disposition is compatible with a capsomere count of 252.
the number of subunits appearing at the particle periphery, six such subunits were routinely encountered (Fig. 5c ). Another constant finding in oriented particles was the appearance of a central group of three subunits arranged in the shape of a triangle (Fig. 5d, f) . These observations are entirely consistent with a polyhedron exhibiting icosahedral symmetry and composed of 12 subunits each located at a vertex of the icosahedron. Figure 5e shows a model built from table-tennis balls and viewed along a threefold axis of symmetry. There is good agreement between the model and Fig. 5d, f. Figures 4g and 4h show a particle and companion 12-subunit model viewed along a fivefold axis of symmetry. The icosahedral nature of the small particle is again clear.
The symmetry of the complete 65 to 70 m,u virion of SV15 (Fig. 5i) Horne (1962) studied the comparative structure of adenoviruses, in particular the canine hepatitis virus (ICH), and reported the finding of a separate inner component, 55 m,u in diameter. He suggested that this component might be located between the core of the virus and the bases of the capsomeres. Again a 20-m,u particle was not observed. Carmichael, Lee, and Barnes (1962) also studied ICH, and found particles of three sizes, ranging from 22 to 60 m,t in diameter. These particles showed no complement-fixing activity but, as a group, were associated with infectivity and hemagglutination. It is possible that their smallest particles are similar to the ones reported here. As noted previously by Melnick et al. (1965) , Brandon and McLean (1961) prepared small particles, presumed to be virus cores, from purified preparations of human adenovirus type 7. There have been no further reports of their composition or significance.
The small particles prepared from simian adenovirus SV15 are 18 to 20 mu in diameter and contain protein and double-stranded DNA. The particles exhibit cubic symmetry of the icosahedral type, and there are 12 subunits, each at the vertex of an icosahedron. Genetron- Table 2 , and are compared with those of two small viruses, the bacteriophage 4X174 (Sinsheimer, 1959) and the small rat virus X14 (Payne, Beals, and Preston, 1964) . Physically and structurally, the three particles are remarkably similar. It is likely that examination of high-resolution micrographs of X14 virus will reveal that the three particles possess also the same symmetry and number of capsomeres. This structural similarity to two viruses which are complete virions suggests that the SV15 small particle may itself have the ability to function as a virioni. Preliminary results indicate that under certain conditions the SV15 small particle function may in conjunction with the essential adenovirus virion (Mayor et al., in preparation) .
To date. routine examination of negatively stained preparations of mature SV15 virions has thrown little light on possible location of the small particle within the virion, although micrographs such as Fig. 4b are highly suggestive.
As yet, we have limited data on the biological properties of the small particle, but, in addition to its ability to initiate an adenovirus infection in tissue culture, it appears to have an associated hemagglutinin which is inhibited by SV15 antiserum. It also can fix complement in human adenovirus reference serum. These findings, which will be reported in detail elsewhere, and the results reported in the present paper, suggest that the small polyhedral particle is an internal component of the mature adenovirion and that it is in all probability related to the adenovirus genome.
